Solitary fibrous tumor represents a spectrum of mesenchymal tumors, encompassing tumors previously termed hemangiopericytoma, which are classified as having intermediate biological potential (rarely metastasizing) in the 2002 World Health Organization classification scheme. Few series have reported on clinicopathological predictors with outcome data and formal statistical analysis in a large series of primary tumors as a single unified entity. Institutional pathology records were reviewed to identify primary solitary fibrous tumor cases, and histological sections and clinical records reviewed for canonical prognostic indicators, including patient age, tumor size, mitotic index, tumor cellularity, nuclear pleomorphism, and tumor necrosis. Patients (n ¼ 103) with resected primary solitary fibrous tumor were identified (excluding meningeal tumors). The most common sites of occurrence were abdomen and pleura; these tumors were larger than those occurring in the extremities, head and neck or trunk, but did not demonstrate significant outcome differences. Overall 5-and 10-year metastasis-free rates were 74 and 55%, respectively, while 5-and 10-year disease-specific survival rates were 89 and 73%. Patient age, tumor size, and mitotic index predicted both time to metastasis and disease-specific mortality, while necrosis predicted metastasis only. A risk stratification model based on age, size, and mitotic index clearly delineated patients at high risk for poor outcomes. While small tumors with low mitotic rates are highly unlikely to metastasize, large tumors Z15 cm, which occur in patients Z55 years, with mitotic figures Z4/10 high-power fields require close follow-up and have a high risk of both metastasis and death.
Solitary fibrous tumor represents a single spectrum of mesenchymal tumors, of which hemangiopericytoma is a now considered a cellular phenotypic variant. These tumors, presumed to be of fibroblastic differentiation, most commonly affect adults and can occur at any site. 1 Classically, solitary fibrous tumors are composed of variably pleomorphic spindle cells admixed with collagen, and arranged haphazardly ('patternless') or in short fascicles, while tumors within the previously separated hemangiopericytoma spectrum are composed of ovoid, monomorphic cells with thin-walled anastomosing vessels. Histological features of both can be seen in the same tumor, and both are CD34 reactive and have a dilated 'staghorn'-like vascular network, supporting the notion of a single tumor spectrum. 1 Thus, once considered to be distinct entities, hemangiopericytoma is now considered to represent a cellular variant within the spectrum of solitary fibrous tumor. For the purposes of our study, the term hemangiopericytoma is only used in reference to historical studies or when discussing particular morphological features.
Solitary fibrous tumors are categorized as intermediate biological potential with a low risk of metastasis and relatively indolent course under the 2002 WHO Classification. 1 However, the clinical behavior of individual tumors is notoriously difficult to predict. Furthermore, criteria for malignancy have not been consistent between published series, and the historical attempts at the division of hemangiopericytoma and solitary fibrous tumor has prevented investigations into this class of tumors as an unified spectrum or entity. [2] [3] [4] [5] [6] [7] [8] Several histopathological criteria have been reported to be useful for determining malignancy in solitary fibrous tumor. These include increased tumor size, mitotic count, cellularity, presence of hemorrhage/necrosis, nuclear pleomorphism, 2, 3, [9] [10] [11] and presence of sharply demarcated anaplastic/poorly differentiated foci (also regarded by some as 'dedifferentiation'). 12 Few immunohistochemical and no molecular markers are known to have prognostic significance.
Few studies have examined the reported risk factors in a large series of primary solitary fibrous tumors, with formal, rigorous statistical analysis. 10 Therefore, we evaluated both histopathological and clinicopathological factors in a large series of primary solitary fibrous tumors with clinical follow-up, including tumors previously classified as hemangiopericytoma, and devised a novel, clinically applicable risk stratification model for metastasis.
Materials and methods

Patents and tumor tissues
Upon Institutional Review Board review approval, 275 cases of primary non-meningeal solitary fibrous tumors, including cases previously diagnosed as hemangiopericytoma, were identified from the pathology files of The University of Texas M.D. Anderson Cancer Center from 1986-2009. Meningeal hemangiopericytomas, known to have a poor outcome relative to solitary fibrous tumor arising elsewhere in the body, 13, 14 were excluded. So-called 'sinonasal hemangiopericytoma' (aka. sinonasal glomangiopericytoma) were also excluded, although true solitary fibrous tumors arising in the sinus were included after histological review (n ¼ 4). From the remaining cases, 110 cases of primary soft tissue (n ¼ 79) and pleural solitary fibrous tumors (n ¼ 31) were identified, which had both clinical follow-up and slides available for histological review.
Evaluation of histopathological variables
Available H&E slides (between 1 and 27 slides/case) were confirmed by at least one experienced soft tissue pathologist. Tumors were scored for mitotic figures, cellularity, nuclear pleomorphism, and presence of necrosis ( Figure 1 ). Mitotic index was calculated per 10 high-power fields ( Â 400), utilizing the highest count of 3-5 areas scored (depending on the number of available slides). The most cellular area of the tumor was scored for cellularity on a 3-point scale from 1 ¼ low (tumor predominately composed of sclerotic collagen bands with scattered, compressed spindle cells) to 2 ¼ moderate (many areas of increased cellularity with cells adjacent to one another) to 3 ¼ high (hypercellular tumor, with areas of nuclear overlap). Pleomorphism was scored on a 3-point scale from 1 ¼ low (cells monomorphic, with uniform nuclear features) to 2 ¼ moderate (increased nuclear pleomorphism, more prominent nucleoli, and rare multinucleated cells) to 3 (hyperchromatic nuclei present with foci of marked pleomorphism and bizarre cells). Areas of abrupt change from classic solitary fibrous tumor morphology to diffuse high-grade sarcoma were regarded as poorly differentiated (also referred to by some as 'dedifferentiation'). Necrosis/ hemorrhage was scored as minimal (o10%) or positive (Z10%), based on available histological sections.
Clinical information
Clinical information including patient demographics, tumor size, treatment, and patient outcome was retrieved from electronic patient medical records and tabulated for correlative analysis. Sites of primary tumors were categorized as pleural/intrathoracic, extremity, head and neck, intra-abdominal/pelvic, or superficial trunk. Local recurrence was defined as tumor involving the tumor bed or scar of previous surgery, while metastatic disease included both distant metastases to other organs as well as local sites, including peritoneal or pleural spread. Death from disease was defined as death from inexorable disease progression.
Statistical analyses
Total follow-up time and time to local recurrence, metastasis, and disease-specific death were calculated from the date of surgical resection. Patients with unknown recurrence or metastasis outcomes or cause of death were censored at date of last assessment for recurrence or metastasis and date of last contact, respectively. Kaplan-Meier analysis was used to estimate survival, and the log-rank test was used to assess differences by groups. Cox proportional hazards regression methodology was used to analyze the association between survival and histopathological and clinical factors. The Wilcoxon rank sum test and Fisher's exact test were used to assess association between continuous or categorical variables and binary outcomes, respectively.
Results
Clinical features
The initial population included 110 patients, whose clinical features are detailed in Table 1 . Primary tumor resection with curative intent was performed in 103 patients; these were used for outcome analysis, while the remaining 7 non-resected cases were excluded. Patients resected with curative intent included 52 women and 51 men, with a median age of 52 years (range, 19-81) at diagnosis. Diagnoses included 64 cases considered closer to the classical solitary fibrous tumor end of the spectrum, and 39 cases closer to classical hemangiopericytoma, although features of both could be seen in some cases. Tumors most frequently arose in the abdomen/pelvis (33 cases, 32%), followed by pleura (29 cases, 28%), extremity (17 cases, 16%), head and neck and trunk (12 cases each, 12%).
Pathological features
Tumor sizes ranged from 1 to 40 cm (median, 10.3) ( Table 2 ). Abdominal and pleural tumors were significantly larger than those in other sites (median size 13 vs 6.8 cm, Po0.0001). Pleural-based tumors presented about a decade later in life compared with all other sites (Po0.0001).
Most tumors were at least moderately cellular, with only 3 cases demonstrating uniformly low cellularity and 51 cases being highly cellular. Necrosis was present in 37 cases, marked nuclear pleomorphism in 12, and distinct, sharply demarcated poorly differentiated areas were seen in 3 cases. Mitotic figures ranged from 0 to 23/10 high-power fields (median, 2).
Treatment and outcome
A total of 9 out of 103 patients underwent preoperative therapy with chemotherapy, radiotherapy, or combination chemotherapy and radiotherapy. An additional 7 patients underwent postoperative Median follow-up time after surgery was 48 months (range 1 day-279 months). Tumors reoccurred as local recurrence only (n ¼ 4), local recurrence and metastasis (n ¼ 6), and metastasis alone (n ¼ 20) (Table 3 ). Overall 5-and 10-year metastasis-free rates were 74 and 55%, respectively. Local, unilateral intrapleural or peritoneal metastases arose subsequently to eight pleural and three intra-abdominal primaries, respectively, while the remainder metastasized to distant organs. In 21 cases, metastases involved a single organ, although metastatic foci could be multiple. Five patients developed metastases to multiple organs. The lung/pleura was the most common site of metastasis, as a single site of metastasis in 16 cases or as one of the multiple sites in three cases. In patients with observed local recurrence or metastasis, median times to recurrence and metastasis were 84 months (range and 36 months (range 4-228), respectively.
Over the course of follow-up, 21 patients died; 16 of these deaths occurred in patients with metastatic disease. In 5 patients without metastatic disease, death was due to complications of surgery after primary tumor resection (n ¼ 1), unrelated causes (n ¼ 3), and unknown causes (n ¼ 1). In patients with metastatic disease, deaths were due to disease progression (n ¼ 13), remote secondary complications of therapy (n ¼ 2), and unknown causes (n ¼ 1). Both overall survival and disease-specific survival were negatively associated with recurrent/metastatic disease (Po0.0001).
Clinicopathological features and outcome of nonresected tumors
Five patients (median age 58, range 45-71) presented with unresectable disease at diagnoses due to metastasis (n ¼ 4) or extensive local intra-abdominal disease (n ¼ 1). Sites of primary disease in the four metastatic cases included abdomen (n ¼ 3) and extremity (n ¼ 1); primary tumor size ranged from 10-15.3 cm (median 13). All five patients died of disease at a median of 19 months (range 14-36), due to metastases to multiple sites, including the liver (n ¼ 3) and lung (n ¼ 2) or soft tissue (n ¼ 1), lung metastases only, or local spread without metastasis The numbers provided are median (range) or count (column percentage). in the patient with unresectable local disease. An additional two patients were diagnosed with incidental (3-4.2 cm) pleural tumors during work-up for unrelated causes and opted for surveillance rather than resection; they remained alive without evidence of progression at 18 and 39 months, respectively.
Characteristics of resected tumors with poor outcomes
Primary tumors that went on to metastasize occurred in older patients (median 61 vs 51 years, P ¼ 0.0043), were larger (median 16.2 vs 8.7 cm; Po0.0001), had increased mitotic activity (median 6/10 high-power fields vs 2/10 high-power fields; Po0.0001), and were more likely to have necrosis (11/26, 58% vs 22/ 77, 29%; P ¼ 0.017) (Figure 2 ). Primary tumors in patients who died of disease also occurred in older patients (median 62 vs 51 years, P ¼ 0.014), showed increased size (median 23.5 vs 9 cm, Po0.0001), and had higher mitotic activity (median 6/10 high-power fields vs 2/10 high-power fields, Po0.0001). Necrosis was not significantly different (6/13, 46% vs 29/88, 33% P ¼ 0.53).
Tumors previously diagnosed as hemangiopericytomas were equally likely to metastasize as those diagnosed as classic solitary fibrous tumors. There were no significant differences in time to metastasis or mortality based on the site of primary, overall cellularity or pleomorphism. All three cases with poorly differentiated foci (dedifferentiation) metastasized.
Among 61 patients with known margin status, positive or close margins were not significantly different between tumors that recurred locally or metastasized and those that did not. Local recurrence was more frequently seen in tumors that metastasized compared with those that did not (6/26, 23% vs 4/75, 5% P ¼.017), and was identified before metastasis in four cases and at time of metastasis in two.
Factors predictive of time to metastasis included continuous age at diagnosis (HR ¼ Owing to the low number of metastases, multivariate analysis with more than two variables could not be performed.
Risk stratification model
A 3--tiered model stratifying our population by overall risk of metastasis (low, moderate, or high) was developed. Scores were assigned for age (o55 vs Z55), tumor size (o5, 5 to o10, 10 to o15, or Z15 cm), and mitotic figures (0, 1-3, or Z4), and total scores tabulated to determine the risk of aggressive disease (Table 5) . Necrosis was excluded from this model owing to the difficulty in reliably discerning in all cases tumor necrosis from necrosis secondary to neoadjuvant treatment or infarct-type necrosis. In 82 patients with data available for all 3 variables, risk was categorized as low (n ¼ 28), moderate (n ¼ 31), and high (n ¼ 23). By log-rank analysis, there was a significant difference in both time to metastasis and time to disease-specific death by risk group (Po0.001) (Figure 3 ). No patients in the low-risk group developed metastasis or died of disease, over a median follow-up of 50 months (range 1-134). The 5-year metastasis-free rates in moderate and high-risk groups were 77 and 15%, respectively, while 10--year metastasis-free rates were 64 and 0%, over median follow-up times of 47 months (0-185) and 31 months (3-117), respectively. The 5-year disease-specific survival rates in moderate and high-risk groups were 93 and 60%, respectively, while 10-year disease-specific survival rates were 93 and 0%, respectively.
Discussion
To the best of our knowledge, this is one of the largest series to assess prognostic clinicopathological predictors for the entire solitary fibrous tumor spectrum exclusively in primary tumors. Our 5-and 10-year disease-specific survivals were 89 and 73%, respectively. Historically, hemangiopericytomas have been reported to have a worse prognosis than solitary fibrous tumor, with 5-and 10-year hemangiopericytoma survival rates as low as 59 and 47-70%, respectively, 3, 15 and up to 48% disease-specific mortality. 16 In pleural solitary fibrous tumor, recurrence and mortality are reportedly predicted by both histology and resectability; typically, benign pedunculated tumors excised with clear margins have a recurrence rate of 2%, while sessile malignant solitary fibrous tumors may recur up to 63% of the time, resulting in a 30% mortality rate. 8, 17 Extrathoracic solitary fibrous tumors behave similarly; diseasespecific death accounted for only 3 patients in one series of 75 patients 10 and no patients in a series of 24 cases with up to 20-year follow-up. 18 In another large study of 92 extrathoracic solitary fibrous tumors, 5 of 10 cases with atypical features metastasized and an additional 3 tumors locally recurred; clinical follow-up was not provided for the remaining 82 tumors. 11 Our findings of a poor 10-year disease-specific survival of 73% is likely due to referral bias at a major sarcoma treatment center with a population skewed toward more aggressive tumors. In fact, our rates are in keeping with those reported specifically for cases historically diagnosed as hemangiopericytoma and malignant solitary fibrous tumor. In our study, both cases previously considered to represent hemangiopericytoma and more classic solitary fibrous tumor had similar frequencies of poor outcomes, supporting the case to reclassify these tumors as a single entity.
In our series, 5-and 10-year rates of metastasis were 74 and 55%, respectively, with metastasis occurring in 26/101 (26%) patients. This rate was much higher than recently reported in one series of 79 cases of solitary fibrous tumor in which only 4 metastasized (5%), 10 and one of 39 pleural solitary fibrous tumor in which only 1 recurred. 19 However, older series also found higher metastatic rates in hemangiopericytoma and pleural solitary fibrous tumor-from 18 to 50%. 2, 3, 16, 20 This variability may be due in part to differences in follow-up time as well as referral bias. Adequate follow-up time is required to determine metastatic frequency. McMaster et al found that B10% of metastases occurred after 5 event-free years, while Vallat-Decouvelaere et al found that 40% of metastases occurred after 5 years. 11, 16 Consequently, studies with short followup may not accurately reflect metastatic potential of tumors with malignant histological features, 7 although even in studies with longer follow-up, tumors defined as malignant using historical criteria did not metastasize. 19 In our study, 50% of metastases occurred after 36 months, but could present up to 19 years after initial resection.
Many of our patients underwent resection of the primary tumor at outside institutions, and we were unable to compile margin status in all cases. Gold et al 10 found significant correlation between positive margins and eventual metastasis in soft tissue solitary fibrous tumor, while margin status is a well-described prognostic factor in pleural solitary fibrous tumor. 8 This may have had a role in the high metastatic rate in our series as well. However, among the cases in which margin status was known, we did not find positive margins to be more frequent in tumors that recurred or metastasized.
We examined several previously reported risk factors. In our series, the strongest predictors of time to tumor metastasis and disease-specific death were patient age at presentation, tumor size, and mitotic index. Necrosis was also predictive of time to metastasis but not time to disease-specific death.
Patients in our series tended to have larger tumors (410 cm) than those reported in the literature. [3] [4] [5] [6] [7] 10, 18, [20] [21] [22] This may be due to the large number of intra-abdominal tumors in our cohort. Previous studies have suggested that tumor size 410 cm is predictive of poor prognosis. 2, 10 This also holds true in our cohort, although we found a cutoff size of 15 cm to be the most predictive of metastasis, likely owing to the large tumors in our study.
Mitotic activity is another reported risk factor for disease progression, with 4 mitotic figures/10 highpower fields being the historical cutoff in the literature for both hemangiopericytoma 3 and pleural and soft tissue solitary fibrous tumor. 2, 6, 10 Our data confirmed that any mitotic activity increased risk when examined as a continuous variable and that four mitotic figures/high-power fields is a strong categorical or discontinuous predictor of metastasis. Unlike several previous studies, we found no prognostic role for tumor cellularity or pleomorphism. One reason for this discrepancy may be due to the difficulty in establishing uniform histological parameters based on cellularity and pleomorphism applicable to both ends of the solitary fibrous tumor spectrum. In our study, moderate pleomorphism and cellularity were the norm in classic solitary fibrous tumors, while hemangiopericytomatous variants were more likely to have minimal pleomorphism, but high cellularity. Previous reports focus on cellularity in solitary fibrous tumor 10 or pleomorphism in hemangiopericytoma 16 together with mitotic activity as the criteria for malignancy. One instance in which cellularity and pleomorphism can be significant is in poorly differentiated areas (dedifferentiation), which occurs as an undifferentiated highgrade anaplastic sarcoma sharply demarcated from areas of conventional solitary fibrous tumor. Mosquera and Fletcher 12 found that 3/7 patients in their series died of disease and had a high risk of metastases and recurrence. All three patients with focal poorly differentiated areas in our study ultimately died after the anaplastic component metastasized. In this context, these factors portend a poor prognosis.
The anatomic site of primary tumors has also been reported to predict outcome. In our series, pleural tumors had a high rate of local (intrapleural and mediastinal) metastasis, but rarely metastasized out of the hemithorax. These findings are in keeping with previous studies of malignant pleural solitary fibrous tumors. 2 In contrast, abdominal tumors behaved aggressively, with extraperitoneal metastases and metastases in multiple organs. The association of intra-abdominal hemangiopericytoma with poor outcomes has been described, 5 and it has been suggested that all intra-abdominal hemangiopericytoma be treated as potentially malignant. 5 Despite being larger, we found no statistically significant difference in time to metastasis between tumors arising in abdominal and pleural sites vs those that arose in other sites in our study. Our findings suggest that larger tumor size and mitotic activity may be more important than site, though this could be due to our limited sample sizes and lack of statistical power.
Using statistically significant and clinically important risk factors, we developed a risk stratification model for metastases, which divided our patient population roughly into thirds-a low-risk group in which no cases metastasized, a high-risk group in which nearly all cases metastasized, and an intermediate risk group likely comprised of a mixture of low-and high-risk tumors. Given that metastasis correlated with death from disease, this model was also used to identify patients at risk of disease-specific death.
Combining elements of grading (mitotic activity as in Fédération Nationale des Centres de Lutte Contre le Cancer 23 grading system) or staging systems (tumor size as in the American Joint Committee on Cancer 24 staging system) with clinical factors (patient age) is analogous to other risk assessment models such as gastrointestinal stromal tumor 25 where mitotic count, tumor size, and anatomic site are used to determine the likelihood of aggressive disease. This is also similar to other prognostic nomograms for sarcoma, which combine mixtures of grading, staging, and clinical information, such as age and anatomic site. 26 External validation is needed to fully test and refine our risk assessment model.
Other biomarkers have been previously explored for prognosis. However, little is still known about the genetic and molecular events responsible for the pathogenesis of solitary fibrous tumor and how these may relate to clinically determined risk factors. A few immunohistochemical or molecular biomarkers, including p53, telomerase activity, cyclin expression, and Ki67, have been suggested to have prognostic significance. 27, 28 Larger solitary fibrous tumors have been associated with more genomic copy number alterations than small tumors, suggesting a possible link to aggressive behavior. 29 Future investigations to characterize potential biomarkers of solitary fibrous tumor are needed.
Our study was a retrospective study, and therefore subject to some limitations. As a tertiary referral center, many of our patients presented to our institution with advanced disease, for which primary tumors were then reviewed retrospectively. Thus, our study may overrepresent large and aggressive solitary fibrous tumors that required specialized management, as well as those with poor outcomes. As previously mentioned, margin status and size were not always available. Finally, while patients were treated similarly (surgery with curative intent), this was not done in a prospective and uniform setting and a few patients did also receive chemotherapy and/or radiation, though neither of these modalities has well-documented efficacy to prevent or manage metastatic disease. Despite these limitations, we were able to identify and confirm similar prognostic factors seen in previous studies.
In summary, we present a large series of primary solitary fibrous tumors with clinical follow-up and association of clinicopathological factors with metastasis and survival. Using these analyses, we created a risk stratification model which, with further validation, may prove to be useful in future evaluation of solitary fibrous tumors.
